Introduction
============

Colorectal cancer (CRC) is the third leading cause of cancer deaths, with a 5-year overall survival rate of 53.8-65.2% worldwide despite advances in diagnostic and therapeutic measures in recent years [@B1], [@B2]. In the United States, CRC is the third most common cancer and the fourth most common cause of cancer death, with an average life risk of approximately 5% [@B3], [@B4]. In China, CRC is the fifth most common cancer and the fifth most common cause of cancer death. In another words, an estimated 376,300 patients were diagnosed with colorectal cancer, and an estimated 191,000 deaths were attributable to colorectal cancer in 2015 [@B5], with an obvious increase compared to the statistical data from 2012 [@B6].

Research has shown that some solid tumors are stiffer than their surrounding tissues, and tumor stiffness is related to solid tumor progression and aggression [@B7], [@B8]. The stiffness is contingent on tumor extracellular matrix (ECM), which has been increasingly recognized as more than just a minor player in the constitution, development and regulation of the tumor microenvironment [@B9]. The enhancement of tumor ECM stiffness is characterized by collagen deposition and remodeling, especially manifested by the cross-linking of collagen proteins [@B10], [@B11].

In the process of malignant transformation, progression and metastasis of tumors, the ECM is modified by many enzymes, including matrix metalloproteinases (MMPs) and lysyl oxidase (LOX) family oxidases. Importantly, LOX family oxidases (LOX and its family members, LOX-like proteins 1-4) are abnormally expressed in tumors and act as modifiers of the mechanical properties in the tumor microenvironment [@B12]. LOX is a secreted, copper-dependent amine oxidase and collagen cross-linker [@B13]. Our preliminary study showed that up-regulation of LOX expression can increase tumor stiffness, thereby promoting insulinoma growth in Rip1-Tag2 mice and that the LOX inhibitor, β-aminopropionitrile (BAPN), could inhibit tumor progression through decreasing the amount of collagen cross-links in tumors [@B14].

However, the relationship between ECM stiffness and colorectal cancer remains unknown. In this study, we investigated the relevance of ECM stiffness to clinicopathologic features using human colorectal cancer tissue microarrays. We found that ECM stiffness in colorectal cancer tissues was closely correlated to CRC progression and to a poor prognosis. Our previous finding also indicated that many platelets aggregate around colorectal tumor cells, and platelet accumulation was closely related to colorectal cancer progression. Moreover, P-selectin-mediated platelet accumulation promoted intestinal tumorigenesis in Apc^Min/+^ mice [@B15]. Our studies also demonstrated that LOX expression is correlated with CRC progression and poor prognosis. Thus, our findings indicate that P-selectin-mediated platelet aggregation may up-regulate LOX expression and enhance the remodeling and stiffening of the tumor ECM, which promotes the progression of colorectal cancer.

Materials and Methods
=====================

Human colorectal cancer tissue samples
--------------------------------------

Human colorectal cancer (CRC) tissue microarrays were obtained from Alenabio (Xi\'an, Shanxi, China). The tumor tissues were obtained from CRC patients who were in different stages classified by expert pathologists according to the TNM Staging 7th Edition of the American Joint Committee on Cancer (AJCC). One tissue microarray, including 48 colorectal cancer tissue samples with prognostic information, was used for a correlation analysis between tissue stiffness and prognosis. Another tissue microarray, including 207 colorectal cancer tissue samples, was used for the mechanism research on tissue stiffening in CRC.

Histopathological staining
--------------------------

Human colorectal cancer tissue microarrays were stained with H&E, Masson\'s trichrome and reticulin by using reagents and kits from Maxim-Bio (Fuzhou, Fujian, China). For histopathological staining quantitation, randomly chosen fields were examined using a 40× objective lens. The images were analyzed to quantify the collagen, collagenous fiber, and reticulin expression using Image-Pro Plus image analysis software (Image-Pro-Plus, version 6.0, Media Cybernetics) under a 400× objective field. The images were evaluated by two experimenters.

Immunohistochemical staining
----------------------------

For immunohistochemical staining, 4-μm sections of the human colorectal cancer tissue arrays were used. Briefly, the slides were subsequently dewaxed, rehydrated, and incubated in 3% peroxide-methanol at 37 °C for 30 minutes to quench endogenous peroxidase. Next, the sections were treated with 10% bovine serum albumin (Sigma-Aldrich, St Louis, MO, USA) to block the non-specific binding and incubated with anti-collagen type I antibody (1:100 dilution, Abcam, Cambridge, CB, UK) or anti-LOX antibody (1:100 dilution, Abcam) overnight at 4 °C. The slides were then incubated with a horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (ZSGB-BIO, Beijing, China) at 37 °C for 50 minutes. All the sections were stained with diaminobenzidine solution (DAB, Dako Cytomation, Hamburg, Germany) and counterstained with hematoxylin. The images were analyzed to quantify the LOX expression using IPP (version 6.0) under a 400× objective field. The images were evaluated by two experimenters.

Evaluation of immunohistochemical staining
------------------------------------------

The tissue sections of immunohistochemical staining for collagen type I were scored as previously described [@B16]. Briefly, the evaluation of staining was performed by separately by two pathologists blinded to the clinical parameters. The staining intensity scores of collagen type I were 0 (negative), 1 (weak), 2 (medium), and 3 (strong). The staining extent scores were 0 (0%), 1 (1-25%), 2 (26-50%), 3 (51-75%), and 4 (76-100%) according to the percentages of the positive staining areas. The final staining score (0-7) for collagen type I was evaluated according to the staining intensity and staining extent. The final staining scores of 0-4 and 5-7 were respectively regarded as low and high expression.

Western blotting
----------------

Colorectal cancer tissues from patients were grinded under liquid nitrogen condition. Proteins were extracted from cancer tissues in RIPA lysis buffer. Electrophoresis was performed under a 10% SDS polyacrylamide gel. Then proteins were transferred onto polyvinylidene fluoride membranes and incubated with a primary antibody against LOX (1:1000 dilution, Abcam), collagen type I (1:1000 dilution, Abcam) and GADPH (1:10000 dilution, Abcam). After that, the membranes were incubated with horseradish peroxide (HRP)-conjugated secondary goat anti-mouse (1:5000 dilution, BioRad) or goat anti-rabbit (1:5000 dilution, Abcam) antibody. Bands were visualized under ChemiDoc^TM^ Touch Imaging System.

Statistical analyses
--------------------

The SPSS software package (version 19, SPSS Inc, Chicago, IL) was used to analyze the data, and Sigmaplot software (version 10.0, Systat Software Inc, San Jose, CA) was used to draw the statistical charts. A Student\'s t-test was used to confirm the statistical significance. The Kaplan-Meier method was used to plot survival curves. And the Cox multivariate proportional hazards model was used to analyze the significance of survival variables. For all tests, *p* \< 0.05 was considered as statistical significance.

Results
=======

Correlation analysis between collagen Type I expression and prognosis of colorectal cancer.

It has been reported that ECM stiffness is closely associated with tumor progression and prognosis in many types of tumors [@B10]-[@B12], but little is known about its association with colorectal cancer. Through immunohistochemical staining of CRC tissue microarrays, we first investigated the expression of collagen type I, the most important component of the ECM, and the correlation between collagen type I expression and prognosis of colorectal cancer was analyzed. The results showed that the overall survival rate of CRC patients with high-expression of collagen type I was lower than those with low-expression of collagen type I (Figure [1](#F1){ref-type="fig"}). That is, the content of collagen type I, or the ECM stiffness, was correlated with the prognosis of CRC patients.

Collagen deposition increases in colorectal cancer progression
--------------------------------------------------------------

Next, the correlation between collagen type I and the clinicopathologic features of the CRC patients, including the AJCC staging, WHO grading, T staging, and lymph node or distant organ metastasis, was analyzed. The results indicated that collagen type I expression was stronger in stage III/IV CRC tissues than in stage I/II tissues (Figure [2](#F2){ref-type="fig"}C). As for collagen type I expression across individual WHO grades (1-3), there was no difference in collagen type I expression between grade 1 and grade 2. However, collagen type I expression was significantly increased in grade 3 colorectal cancer tissues compared with grade 2 tissues (Figure [2](#F2){ref-type="fig"}D). Collagen type I expression in CRC with metastasis (N1/M1) was stronger compared to those in the tissues with no lymph node metastasis (N0/ M0) (Figures [2](#F2){ref-type="fig"}E, 2F), and its expression in the stage T3/T4 CRC group was significantly increased compared to the stage T2 group (Figure [2](#F2){ref-type="fig"}G). The result was conformed by western blotting (Supplemental Figure [1](#SM0){ref-type="supplementary-material"}). Thus, high collagen type I expression was correlated with worse clinicopathologic features of the CRC patients.

Collagen fiber content of the ECM was also studied using Masson\'s trichrome staining, and its correlation with the clinicopathologic features of CRC patients was also analyzed. The results showed that collagen fiber concentration was higher in stage III/IV CRC tissues than stage I/II tissues (Figure [3](#F3){ref-type="fig"}C), and the concentration increased from grade 1 tumors to grade 3 tumors (Figure [3](#F3){ref-type="fig"}D). Also, collagen fiber content in CRC with lymph node metastasis (N1) was significantly higher than in the tissues with no lymph node metastasis (N0) (Figure [3](#F3){ref-type="fig"}E). However, there was no difference in collagen fiber content in the different T stages (T1-T4) (Figure [3](#F3){ref-type="fig"}F).

Correlation analysis between reticulin expression and clinicopathologic feature of colorectal cancer
----------------------------------------------------------------------------------------------------

Reticulin is one type of albuminoid and an important component of the tumor ECM. Therefore, we investigated reticulin expression using reticulin staining and analyzed its correlation with the clinicopathologic features of CRC patients. The results showed that reticulin expression significantly increased in stage III/IV CRC tissues compared to stage I/II tissues (Figure [4](#F4){ref-type="fig"}A, B, C) and was stronger in grade 2 CRC tissues than in grade 1 tissues, and even stronger in grade 3 tissues (Figure [4](#F4){ref-type="fig"}D). In addition, reticular fibers in CRC with lymph node metastasis (N1) were increased significantly compared to those with no lymph node metastasis (N0) (Figure [4](#F4){ref-type="fig"}E). However, there was no difference in reticulin expression in the different T stages (T1-T4) (Figure [4](#F4){ref-type="fig"}F).

ECM stiffness of colorectal cancer increases through improving LOX expression
-----------------------------------------------------------------------------

The variations in the connective scaffold architecture induced by lysyl oxidase and metalloproteinase activity create different conditions of ECM density and stiffness [@B9]. Our previous report indicated that the up-regulation of LOX expression could increase tumor stiffness in spontaneous insuloma from Rip1-Tag2 mice; thus, we focused on this copper-dependent amine oxidase. The immunohistochemical staining and western blotting showed that LOX expression was up-regulated in CRC tissues and that the expression level was correlated with the progression of the tumor, including the tumor stage, lymph node metastasis and tumor grade (Figure [5](#F5){ref-type="fig"} and Supplemental Figure [1](#SM0){ref-type="supplementary-material"}).

Discussion
==========

It is well known that human cancers exhibit intratumor heterogeneity [@B17]. The stroma is a considerable part of the tumor microenvironment, which includes vasculature, nerves, fibroblasts, infiltrated immune cells and the extracellular matrix components [@B9]. It is increasingly recognized that the ECM structure, composition and stiffness have profound effects on tissue development and pathologies of cancer [@B18]. Further, cell-ECM adhesion can profoundly modify cell shape and tissue organization and can dramatically regulate gene expression and cell behavior [@B19]. The importance of ECM remodeling to cancer is appreciated, but the relevance of stiffening is unclear [@B20]. In recent years, research has demonstrated that ECM stiffness is correlated with the progression and metastasis of many types of cancer [@B7], [@B8], [@B15]. However, the relationship between ECM stiffness and colorectal cancer remains unknown.

In the current study, we first analyzed the relationship between the ECM stiffness of CRC tissues and the overall patient survival rate using human colorectal cancer tissue microarrays. The results indicate that a high expression of collagen type I correlate with a poor prognosis. We then investigated the relevance of ECM stiffness and clinicopathologic features and found that the collagen type I expression and collagen fiber deposition were higher in stage III/IV CRC tissues than in stage I/II tissues and increased from grade 1 tumors to grade 3 tumors. Reticulin expression also increased with the TNM stage progression and tumor grade elevation. These results indicated that ECM stiffness in colorectal cancer tissues was closely correlated with CRC progression and metastasis.

Research has shown that LOX is abnormally expressed in some tumors during malignant transformation, progression and metastasis. As a copper-dependent amine oxidase, LOX has collagen and elastin as its substrates and initiates the process of covalent intra- and intermolecular crosslinking of collagen and elastin by oxidatively deaminating specific lysine and hydroxylysine residues located in the telopeptide domains [@B21]. The covalent crosslinking and stabilization of these ECM structural components play a role in the homeostasis of connective tissue. Consequently, over-expression of these enzymes can increase tissue tension and ECM rigidity and may be involved in tissue fibrosis [@B13], [@B22]. Collagen crosslinking is induced predominantly by LOX and LOX-like (LOXLs) enzymes, which are synthesized by both stromal cells and cancer cells in the early stages of cancers in response to hypoxia [@B23], [@B24]. In this study, we investigated the relationship between LOX expression and the clinicopathologic features of CRC. The immunohistochemical staining showed that LOX expression was correlated with the progression of the tumor, including the tumor stage, T stage, tumor grade, and metastasis.

Our previous study indicated that LOX overexpression increases tumor stiffness in spontaneous insuloma of Rip1-Tag2 mice and that the tumor stiffening participates in the whole tumorigenesis [@B15]. The ECM stiffening is correlated with P-selectin-mediated platelet accumulation, and we found that P-selectin deficiency significantly decreased the tissue stiffness through the inhibition of LOX expression. Also, a LOX inhibitor, BAPN, can significantly abolish the collagen deposition and decrease the tumor stiffness, thereby inhibiting tumor growth [@B15]. The increased tumor ECM stiffness elicits diverse effects on tumor cell proliferation, differentiation, and migration and thus significantly modifies tumor progression [@B25]-[@B28]. As we previously reported, P-selectin-mediated platelet accumulation in colorectal cancer was also associated with tumor development [@B16], [@B29]. These results indicated that P-selectin-mediated platelet deposition might up-regulate LOX expression and then facilitate the covalent crosslinking of ECM components, enhance tumor ECM stiffness, and thereby promote colorectal cancer progression and invasion. Therefore, LOX may be a potential effective therapeutic target to treat human colorectal cancer.
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![**Correlation analysis between collagen type I expression and the prognosis of colorectal cancer.** (A) Collagen type I immunohistochemical staining of colorectal cancer tissues under low power lens. Bar = 200 µm. (B) Collagen type I immunohistochemical staining of colorectal cancer tissues under high power lens. Bar = 50 µm. (C) The overall survival of the CRC patients between low-expression and high-expression of collagen type I.](ijbsv13p1450g001){#F1}

![**Correlation analysis between collagen type I expression and clinicopathologic features of colorectal cancer.** (A) Collagen type I immunohistochemical staining of colorectal cancer tissues in different stages. Bar = 200 µm. (B) Collagen type I immunohistochemical staining of colorectal cancer tissues in different stages. Bar = 50 µm. (C) Collagen type I expression across individual AJCC-7th stages (I-IV). Collagen type I expression was stronger in stage III/IV CRC tissues than in stage I/II tissues. (D) Collagen type I expression across individual WHO grades (1-3). There was no difference in Collagen type I expression between grade 1 and grade 2. Collagen type I expression was significantly increased in grade 3 colorectal cancer tissues compared with grade 2. (E) Collagen type I expression in CRC with lymph node metastasis (N~1~) was stronger compared to that in the tissues with no lymph node metastasis (N~0~). (F) Collagen type I expression in CRC with lymph node metastasis (M~1~) was stronger compared to that in the tissues with no lymph node metastasis (M~0~). (G) Collagen type I expression in the stage T~3~/T~4~ CRC group was significantly increased compared to that in the stage T~2~ group. \*, *p\<0.05*; \*\*, *p\<0.01*; \*\*\*, *p\<0.001*.](ijbsv13p1450g002){#F2}

![**Correlation analysis between collagen fiber content and clinicopathologic features of colorectal cancer.** (A) Masson trichrome staining of CRC tissues across individual AJCC-7th stages I-IV. Bar = 200 µm. (B) Masson staining of CRC tissues across individual AJCC-7th stages I-IV. Bar = 50 µm. (C) Elastin expression was significantly stronger in stage III/IV CRC tissues than in stage I/II tissues. (D) Collagen fiber content was higher in grade 2 CRC tissues than in grade 1 tissues and even stronger in grade 3 CRC tissues. (E) Collagen fiber content in CRC with lymph node metastasis (N~1~) was significantly stronger compared to that in the tissues with no lymph node metastasis (N~0~). (F) There was no difference in collagen fiber content in the different T stages (T~1~-T~4~). \*, *p\<0.05*; \*\*, *p\<0.01*; \*\*\*, *p\<0.001*.](ijbsv13p1450g003){#F3}

![**Correlation analysis between reticulin expression and clinicopathologic features of colorectal cancer.** (A) Reticulin staining of CRC tissues across individual AJCC-7th stages I-IV. Bar = 200 µm. (B) Reticulin staining of CRC tissues across individual AJCC-7th stages I-IV. Bar = 50 µm. (C) Reticulin expression was significantly stronger in stage III/IV CRC tissues than in stage I/II tissues. (D) Reticulin expression was stronger in grade 2 CRC tissues than in grade 1 tissues and even stronger in grade 3 tissues. (E) Reticulin expression in CRC with lymph node metastasis (N~1~) was significantly stronger compared to that with no lymph node metastasis (N~0~). (F) There was no difference in reticulin expression in the different T stages (T~1~-T~4~). \*\*, *p\<0.01*; \*\*\*, *p\<0.001*.](ijbsv13p1450g004){#F4}

![**Correlation analysis between LOX expression and clinicopathologic features of colorectal cancer.** (A) LOX expression of CRC tissues across individual AJCC-7th stages I-IV. Bar = 200 µm. (B) LOX expression of CRC tissues across individual AJCC-7th stages I-IV. Bar = 50 µm. (C) LOX expression was significantly stronger in stage III/IV CRC tissues than in stage I/II tissues. (D) LOX expression was stronger in grade 3 CRC tissues than grade 1 and 2 tissues, but no significant difference was found between grade 1 and 2 tissues. (E) LOX expression in CRC with lymph node metastasis (N~1~) was significantly stronger compared to that with no lymph node metastasis (N~0~). (F) There was no difference in LOX expression in the different T stages (T~1~-T~4~). \*\*, *p\<0.01*; \*\*\*, *p\<0.001*.](ijbsv13p1450g005){#F5}
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